Membrane binding of the HIV-1 group-specific antigen (Gag) structural protein, a critical step in viral assembly at the plasma membrane, is mediated by the myristoylated, highly basic matrix (MA) domain, which interacts with negatively charged lipids in the inner leaflet. According to a popular model, virus particles bud from membrane rafts, microdomains enriched in cholesterol and highmelting phospholipids with higher order than found outside rafts. How Gag might recognize membrane rafts, if they exist in the inner leaflet, is unknown. Using a liposome flotation assay with proteins translated in vitro, we investigated whether Gag can sense the composition of the hydrophobic part of the bilayer, by fixing lipid head group composition and varying hydrophobic properties. In liposomes composed solely of phosphatidylserine and phosphatidylcholine, and with the same overall membrane negative charge, Gag strongly preferred lipids with both acyl chains unsaturated over those with only one chain unsaturated. Adding cholesterol increased Gag binding and led to closer packing of phospholipids. However, higher membrane order, as measured by electron spin resonance, was not correlated with increased Gag binding. Gag proteins from two other retroviruses gave similar results. These liposome binding preferences were qualitatively recapitulated by purified myristoylated HIV-1 MA. Phosphatidylinositol 4,5-bisphosphate and cholesterol enhanced binding in an additive manner. Taken together, these results show that Gag is sensitive both to the acyl chains of phosphatidylserine and to cholesterol concentration and other details of the membrane environment. These observations may help explain how retroviruses acquire a raft-like lipid composition.
lipid raft | phase diagram | virus assembly T he retroviral structural polyprotein group-specific antigen (Gag) drives virus assembly at the plasma membrane (PM). Gag molecules bind to the PM, then through protein-protein interactions form a curved lattice that bulges out and eventually leads to budding and release of the enveloped virus particles. HIV-1 Gag interacts with the negatively charged inner leaflet of the PM, primarily via its N-terminal matrix (MA) domain. Three features of MA underlie HIV-1 Gag membrane binding: an N-terminal myristate, a highly basic patch, and a pocket for the minor lipid phosphatidylinositol bisphosphate PI(4,5)P2 (1) . Multimerization and vesicular trafficking also play roles in membrane interaction in vivo. PI (4, 5) P2 is important in vivo, based on the observations that its depletion by an overexpressed phosphatase compromises budding (2) and that it is enriched in the HIV-1 envelope (3). In vitro and biochemical assays qualitatively support the conclusions about Gag-PM interaction in vivo: In vitro flotation assays show HIV-1 Gag binding to liposomes to be dependent on negatively charged lipids, particularly phosphatidylserine (PS) (4), which is enriched in the inner leaflet of the PM. Liposome binding is enhanced by the addition of PI(4,5)P2 (5), although without great specificity for this particular phosphoinositide (5, 6) .
HIV-1 is said to bud from rafts (reviewed in (7)). Diverse strands of evidence support this model. First, cellular proteins found in rafts are often associated with viral particles (8) . Second, the envelopes of retroviruses such as HIV-1 (3, 9, 10) and Rous sarcoma virus (RSV) (11, 12) are enriched with sphingomyelin (SM) and cholesterol, compared with the PM. Third, two retroviral proteins-Nef for HIV-1 and Glycogag for murine leukemia virus (MLV)-promote cholesterol incorporation into virus particles and raft association of Gag (13, 14) . Fourth, cholesterol depletion from cells reduces HIV-1 release (15) . However, how virus particles acquire the observed high cholesterol content is unknown. For example, Gag might prefer to bind to raft-like microdomains, or the lattice of Gag molecules might induce raft formation de novo, or Gag might cause coalescence of preexisting raft domains (16) . Few studies have addressed such questions in vitro. In chemically simple, lipid-only models of the PM outer leaflet, a large region of compositions is found in which two phases coexist, the liquid-disordered (Ld) phase and the liquidordered (Lo) phase. This compositional region may be termed the raft region. The minimal lipid requirement for Ld + Lo coexistence in a mixture is a high-melting temperature (Tm) lipid, such as SM or distearoyl phosphatidylcholine (DSPC); a low-Tm lipid, such as dioleoyl phosphatidylcholine (DOPC) or palmitoyl, oleoyl phosphatidylcholine (POPC); and cholesterol. Compared with the Ld phase, the Lo phase is enriched in the high-Tm lipid and in cholesterol in these simple mixtures.
A major challenge to understanding how HIV-1 acquires a raftlike lipid composition is that rafts are known only for the outer leaflet of the PM, yet Gag interacts directly with the inner leaflet. By composition, the inner leaflet has no high-Tm lipid, has lower concentrations of phosphatidylcholine (PC), and has high concentrations of phosphatidylethanolamine, PS, and cholesterol (17) . No Ld + Lo coexistence has been observed in bilayer models representing the composition of the inner leaflet (18) .
Here, we investigated how cholesterol and phospholipid acyl chain type affect HIV-1 Gag binding to liposomes in vitro, as measured by Gag flotation in sucrose gradients. Although they still are not a good mimic of the properties of the inner leaflet, we chose simplified model mixtures of PS/PC or PS/PC/cholesterol, because the phase behaviors of similar mixtures are relatively well understood and accurate phase diagrams might be used to guide mixture choices (19) . Results show that Gag-membrane interactions depend on phospholipid head group type, as known previously, but notably also on cholesterol concentration and on acyl chain saturation.
in vitro in a reticulocyte translation system. Binding to 100-nm large unilamellar vesicles (LUVs) was measured by flotation in a sucrose gradient (5, 6, 20, 21) .
Effects of Acyl Chain Saturation on HIV-1 Gag Binding. Increasing the ratio of PS to PC is known to increase the binding of Gag to LUVs (4) (5) (6) 20) . To test whether Gag is sensitive to acyl chain length and saturation, PC-and PS-containing LUVs were prepared with three acyl chain types: DOPC/DOPS, in which both lipids have two 18:1 (oleoyl) chains; POPC/POPS, in which one fatty acid is 16:0 and the other is 18:1 (palmitoyl, oleoyl); and egg PC/brain PS, a natural mixture, with the PC being 32% 16:0, 32% 18:1, 12% 18:0, and 17% 18:2, and the PS being dominated by 18:0, 18:1 chains. By keeping the PS and PC chains identical or nearly so, comparisons of each mixture focus on the behavior of the particular PS chains, rather than on the way disparate PS and PC chains might mix.
As PS concentration increased from 20% to 90%, binding of HIV-1 Gag to LUVs with mixtures of the three acyl chain types differed (Fig. 1) . Gag binding to DOPC/DOPS increased steeply at ∼30% PS, reaching a maximum at ∼50% PS. Gag binding to POPC/POPS increased only gradually, starting at ∼30% PS and reaching a somewhat lower maximum. Finally, Gag binding to natural PC/PS again increased gradually starting at ∼30% PS, reached a maximum at ∼65% PS, and then gradually decreased at higher PS concentrations. The membrane charge seen by Gag does not differ among these mixtures at any given PS concentration (22) . However, surprisingly, Gag behaves as though it experiences a greater effective PS concentration in the DOPC/DOPC mixtures.
Cholesterol-Enhanced Binding of Gag. The effect of cholesterol on membrane binding of retroviral Gag proteins in vitro has not been investigated systematically. We measured Gag binding to LUVs with increasing cholesterol content in four different phospholipid environments, including one that mimics Lo and Ld compositions: DSPC (18:0, 18:0-PC)/DOPC/DOPS, DOPC/DOPS, POPC/ POPS, and egg PC/brain PS. In each different lipid mixture, the percentage of cholesterol was increased whereas the percentage of PC was decreased, keeping PS unchanged at 30%. The maximum cholesterol content, 63%, is near its solubility limit in PC mixtures (23) . The resulting cholesterol concentrations cover the cholesterol concentration of plasma membranes, which may be as high as 50% (17) .
For all four mixtures tested, an increased cholesterol concentration resulted in increased binding of Gag, as shown by the fluorograms ( Fig. 2A ) and in more detail in found with the DOPC-containing mixtures. In POPC-containing mixtures, the curve shape was similar but with binding first detected at ∼36% cholesterol, gradually increasing to a slightly lower maximum. This cholesterol-mediated enhancement of HIV-1 Gag binding in these simple model liposomes might mimic the association of HIV-1 Gag with cholesterol-containing plasma membranes, particularly with lipid raft microdomains in the membrane. Adding cholesterol to phospholipid bilayers increases the packing density of phospholipid acyl chains and head groups, the % High Tm Lipid well-known "cholesterol condensing effect" (24) . Closer lipid packing means increased acyl chain order, a parameter that can be measured by electron spin resonance (ESR) with spin-labeled lipid probes. We carried out ESR measurements on all four mixtures with 16-doxylstearic acid (16-DSA). Increased cholesterol concentration clearly increased lipid order (Fig. 2C ), yet the order was not correlated with the Gag binding differences seen in Fig. 2B . In particular, at every cholesterol concentration, Gag behaved as though it detected a higher PS concentration in DOPS-containing mixtures than in POPS or brain PS mixtures.
Effects of Lipid Order on Gag Membrane Interaction. To explore more systematically the model that "viruses bud from rafts," we selected lipid mixtures closer in composition to actual Ld and Lo phases, based on published phase diagrams (19) . We avoided phase coexistence regions by choosing a cholesterol concentration slightly higher than the Ld + Lo coexistence region. Two kinds of mixtures were examined, one containing DOPC, the other POPC. We prepared four series of LUVs, two with constant cholesterol = 40% and PS = 20%, and two with constant cholesterol = 32% and PS = 30%. In all four mixtures, the membrane order was systematically varied by changing the ratio of high-melting, saturated DSPC to low-melting, unsaturated lipids. Thereby, the LUV compositions ranged from Ld to Lo (Fig. 3 A and B; Fig. S1 provides an explanation of how to interpret phase diagrams, and Tables S1-S4 show all lipid compositions). Two sets of eight compositions were prepared for the DOPC and two for the POPC mixtures, each lying on a line of constant cholesterol concentration and extending from all low-Tm (Ld) lipid on the left to all high-Tm (Lo) lipid on the right. Because Gag binding to DOPC/DOPS/cholesterol at 40% cholesterol was nearly maximal at 30% PS (Fig. 2B) , the PS in the DOPC-containing mixture was reduced to a fixed 20% to increase the dynamic range for observing Gag binding in these mixtures. ESR measurements showed that increasing the percentage of high-Tm lipids increased membrane order, regardless of whether DOPS or dipalmitoyl phosphatidylserine (DPPS) was in the mixtures ( Fig. 3 C and D) . Comparing Fig. 3 C with D, at each high-Tm lipid percentage up to ∼50%, the DOPC-containing mixture had a slightly lower order than did the POPC-containing mixture, indicating that the saturated acyl chain of POPC confers more order to the mixture despite the lower cholesterol concentration of 32%, compared with 40%.
We found that Gag binding in these mixtures was not a function of membrane order. Whereas order increased gradually and monotonically as the high-Tm lipid concentration increased, Gag binding exhibited dramatic differences. For 20% DOPS in the 40% cholesterol/DOPC/DSPC mixtures (triangles), replacing DOPC with the high-Tm DSPC resulted in nearly unchanged Gag binding for the eight LUV compositions (Fig. 3E) . In stark contrast, for 20% DPPS in the 40% cholesterol/DOPC/DSPC mixtures (X symbols), Gag binding was barely detectable for any replacement of DOPC by DSPC (Fig. 3E ). This surprising result was reproducible in multiple LUV preparations. Thus, in a variety of membrane environments, including some that are very similar to those resulting in strong Gag binding to DOPS, Gag behaves as though it hardly detects the 20% DPPS.
Quite different Gag binding occurred with only subtle changes in lipid composition in the POPC-containing mixtures (Fig. 3F ): For 30% POPS in 32% cholesterol/POPC/DSPC mixtures (open circles), replacing POPC with DSPC hardly changed Gag binding, which decreased only slightly when DSPC reached 38%. In contrast, for 30% DPPS in the 32% cholesterol/POPC/DSPC mixtures, Gag binding at first remained high as DSPC replaced POPC, then gradually dropped toward ∼0 as the POPC was completely replaced by DSPC (Fig. 3F) . In remarkable contrast to the behavior of DOPC-containing mixtures at 40% cholesterol in which very low Gag binding occurred when the PS was 20% DPPS, high Gag binding was observed in mixtures containing 30% DPPS in POPC-containing mixtures with 32% cholesterol. Thus, Gag binds well to DPPS, but only in mixtures in which the DPPS is in some sense sufficiently "available" to Gag.
These data show that cholesterol enhancement of HIV-1 Gagliposome binding is not solely a consequence of a cholesterolinduced increase in membrane order. Instead, the data imply that Gag detects three lipid mixture features besides PS concentration: (i) the ensemble of all acyl chains in the membrane, (ii) the cholesterol concentration, and (iii) the nature of the acyl chains of the negatively charged PS with which Gag interacts.
Response of Other Retroviral Gag Proteins to Cholesterol and
Phospholipid Acyl Chain Type. To determine whether the sensing of differences in the content of cholesterol and acyl chains in liposomes is unique to HIV-1 Gag, we tested MLV Gag and RSV Gag proteins in parallel with HIV-1 Gag. MLV Gag also is naturally myristoylated at its N-terminus, but RSV Gag is not lipidated in any way. To mimic the differences between Ld and Lo phases, two pairs of LUVs were prepared for each protein: (i) 30% brain PS + egg PC with or without 36% cholesterol and (ii) 30% PS, but with compositions chosen close to those of known Ld + Lo phase coexistence (19) and with a membrane order characteristic of an Ld or Lo mixture.
HIV-1, RSV, and MLV Gag proteins all responded similarly to these LUV mimics of Ld and Lo phases, preferring liposomes containing a high cholesterol concentration coupled with acyl chain saturation (Fig. 4) . Only in the case of the 0% and 36% cholesterol LUVs did RSV Gag bind without a significant difference. Thus, Gag sensing of the acyl chain composition does not require an N-terminal fatty acid chain. However, the preference for the Lo composition seen here does not indicate that membrane order alone is the explanation. The HIV-1 Gag binding shown in Fig. 3 E and F makes clear that the nature of the PS acyl chains, the cholesterol concentration, and the acyl chains of other lipids present all have a strong influence on Gag binding.
An advantage of the reticulocyte extract is that it simulates a cellular environment, for example by the presence of RNA and proteins. A disadvantage is that unknown components might influence Gag binding. Therefore, we tested the binding of nonradioactively labeled, myristoylated HIV-1 MA protein (myr-MA) that had been purified after expression in Escherichia coli (4, 25) . Myr-MA behaved similarly to HIV-1 Gag in that the presence of cholesterol strongly enhanced binding to LUVs (Fig. 5) . Moreover, like Gag, purified myr-MA also preferred the LUVs with the Lo composition, corroborating the results from the reticulocyte experiments.
PI(4,5)P2-Enhanced Membrane Binding in the Presence of Cholesterol.
Because of the established role of PI(4,5)P2 in membrane binding, we examined the ability of cholesterol to stimulate binding of HIV-1 Gag to LUVs containing PI(4,5)P2. Flotation assays were carried out with LUVs prepared with 30% brain PS and egg PC, with or without 36% cholesterol and with or without 2% PI(4,5) P2, a concentration similar to that found in HIV-1 virion membranes (3). In these binding assays, 2% PI(4,5)P2 was sufficient to elicit a threefold increase in Gag binding. Addition of cholesterol boosted Gag binding by a further twofold (Fig. 6) . Thus, the cholesterol enhancement appears to be effective for membrane association driven not only by PS alone, but also by PS and PI(4,5)P2, which are inferred to be important in vivo.
Summary and Conclusions
To study how virus particles might bud from plasma membrane rafts, we set out to develop an in vitro model for HIV-1 Gag binding to raft-like and non-raft-like membranes. The results show that Gag-membrane interaction is sensitive not only to net negative charge, as known previously, but also to the hydrophobic environment of the bilayer, namely cholesterol content and phospholipid acyl chain type. For example, in binary mixtures of PS/PC, the Gag protein strongly prefers DOPS to POPS, and it prefers higher over lower cholesterol content in diverse phospholipid mixtures. Nevertheless, Gag does not detect membrane order per se, as inferred from comparison of Gag binding with membrane order, as measured by ESR. The cholesterol enhancement effect behaves as if cholesterol makes more PS available for binding to Gag. To our knowledge, this is the first systematic study of the effects of the hydrophobic core of a membrane on the binding of the internal structural protein of an enveloped virus. Although the mechanisms underlying the effects observed appear to be complex, they may be central to understanding the membrane specificity of viral budding.
Materials and Methods
Plasmids, Protein Purification, Liposome Preparation, and Electron Spin Resonance.
The plasmids encoding HIV GagΔp6 BH10 and RSV GagΔPR and encoding myristoylated HIV-1 MA (myr-MA), as well as the purification procedure for myr-MA, were described previously (4, 25) or are detailed in the supporting information.
Liposome Preparation. Liposomes were prepared by the rapid solvent exchange method (26), modified as described (27) . Briefly, lipids in chloroform solution were dispensed into glass tubes. After the addition of buffer (20 mM Hepes, pH 7.0), the mixture was vortexed under vacuum for 90 s and sealed under argon gas, yielding 10 mg/mL hydrated liposomes. Liposome samples were stored at 4°C up to 1 wk before extrusion. To prepare LUVs, a miniextruder block (Avanti) was heated to 45°C. Liposomes were extruded 41 times through 100-nm polycarbonate filters (Avanti) and stored at 4°C. Extruded liposomes were used within 1 wk. Details of the methods used to handle lipids (28) and to prepare samples for ESR measurements may be found in the supporting information. All percent values refer to mol %. For ESR measurements, typical instrument settings were as follows: center field = 3,320 G, sweep width = 100 G, modulation frequency = 100 kHz, modulation amplitude = 1 G, time constant = conversion time = 81.92 s, and resolution = 2,000 points. Nine scans were averaged for each sample. A max and A min were determined directly from the spectra, and the order parameter of each sample was calculated according to Schorn and Marsh (29) using the hyperfine tensor (A xx , A yy , A zz ) = (5.9, 5.4, 32.9 G).
Liposome Binding Assay. Radioactively labeled protein was prepared by translation in the TNT coupled T7 rabbit reticulocyte reaction (Promega) in the presence of [35S]methionine/cysteine (Perkin-Elmer; ExPRE35S35 protein labeling mix). The liposome binding assay used for Figs. 1 and 2 , here referred to as large-format assay, was described previously (6) . A small-format liposome binding assay was used for Figs. 3-6, as described previously (20) , with some modification. A 5-μL fraction of a 25-μL reticulocyte transcription reaction was added to 15 μL binding buffer (20 mM Hepes, pH 7.0), followed by 50 μg of LUVs (to a concentration of 8.5 mg/mL). The reaction mix was incubated at 22°C for 10 min. Each binding reaction was mixed with 75 μL 67% sucrose, and 80 μL of this mix was placed in a TLA-100 tube, followed by 120 μL 40% sucrose and 40 μL 4% sucrose. All sucrose was made wt/wt with binding buffer. Centrifugation was at 90,000 rpm in a TLA-100 rotor (Beckman) for 1 h. Purified myr-MA flotations were performed with 15 μg of protein in place of the reticulocyte reaction, and the binding buffer and sucrose were supplemented with NaCl so that all solutions were at a final concentration of 150 mM NaCl. Four 60-μL fractions were collected from each flotation, and 40 μL of each fraction was analyzed by SDS/PAGE. Each side of the triangle represents a binary mixture. This particular phase diagram displays a two-phase coexistence region, Ld + Lo, surrounded by one-phase regions, Ld or Lo, and a three-phase coexistence region also including a gel phase (unlabeled) below. To read a composition, choose any point within the triangle, e.g., point A. From point A, draw three lines toward each binary axis that are parallel to each side of the triangle. The mol % of each component for A is read directly from where the lines intersect with the binary axes. In this example, the composition is 40% high-Tm lipid, 20% low-Tm lipid, and 40% cholesterol. Table S1 . Composition of liposomes in Fig. 3 A, All components of each sample are mol % of total lipids. The DOPCmixture liposomes Ld-1 to Ld-8 correspond to the triangle symbols in Fig. 3 . Table S2 . Composition of liposomes in Fig. 3 A, All components of each sample are mol % of total lipids. The DOPCmixture liposomes Lo-1 to Lo-8 correspond to the X symbols in Fig. 3 . Table S3 . Composition of liposomes in Fig. 3 B, D, All components of each sample are mol % of total lipids. The POPC-mixture liposomes Ld-1 to Ld-8 an correspond to the circle symbols in Fig. 3 . Table S4 . Composition of liposomes in Fig. 3 B, D All components of each sample are mol % of total lipids. The POPC-mixture liposomes Lo-1 to Lo-8 correspond to the dash symbols in Fig. 3 .
